Abstract: Nappes in the southern sector of the Southern Brasília Belt record suturing of the Paranapanema Block and Socorro-Guaxupé Arc with a subducted passive margin on the western side of the São Francisco Craton. We report secondary ion mass spectrometry U-Pb zircon ages that for the first time constrain the age of: (1) retrograded eclogite from a block along the tectonic contact beneath the uppermost nappe in a stack of passive margin-derived nappes; (2) high-pressure granulite-facies metamorphism in the uppermost passive margin-derived nappe; (3) high-pressure granulite-facies metamorphism in the overlying arc-derived nappe. Rare zircons from a retrograded eclogite yield a 206 Pb/ 238 U age of 678 AE 29 Ma, which we interpret as most likely to date close-to-peak-P metamorphism and to provide a minimum age for detachment of the overlying passive margin-derived nappe from the subducting plate. Zircon associated with ilmenite in samples from two structural levels in the passive margin-derived high-pressure granulite nappe yields 206 Pb/ 238 U ages of 648 AE 12 and 647 AE 11 Ma, and Ti-in-zircon crystallization temperatures from c. 860 8C down to c. 785 8C, but skewed toward the lower part of the range. These data indicate zircon formation during cooling from around peak T to the solidus, consistent with the high-T retrograde P-T path deduced from microstructures linked to phase assemblage fields in isochemical phase diagrams. Rb-Sr multi-mineral-whole-rock isochrons from two samples from close to the bottom of this nappe date formation of a retrograde sillimanite-bearing penetrative fabric to c. 590 Ma at temperatures of c. 750 8C (based on Ti-in-quartz thermometry). Rare zircons from leucosome in high-pressure granulite from the overlying arc-derived nappe yield a 206 Pb/ 238 U age of 622 AE 28 Ma and Ti-in-zircon crystallization temperatures from c. 970 8C down to c. 820 8C, which we interpret to record formation of zircon during cooling from peak high-pressure granulite-facies conditions. These ages indicate that the first stage of craton amalgamation in West Gondwana may have occurred earlier than previously inferred.
In tectonic studies, linking age (t ) information to a wellconstrained set of metamorphic pressure-temperature (P-T) conditions is one of the great challenges. Ideally, a sequence of P-T conditions from a sample provides a context for the interpretation of ages obtained from the same sample using chronometers with decreasing closure temperatures. These data may be used in concert to construct a P-T-t path or to calculate rates of cooling, both of which may provide constraints useful in developing tectonic interpretations for the evolution of orogenic belts. The age data alone provide an estimate of the minimum duration of the metamorphic event and help to constrain the time scale of orogenesis.
In granulites, zircon ages commonly have been interpreted in rather over-simplified terms in relation to the P-T evolution, usually following an assumption that the ages retrieved date the peak of metamorphism. These inferred peak metamorphic ages have then been used to constrain tectonic models. However, at suprasolidus conditions zircon may form during the late prograde, peak or early retrograde evolution by dissolution-reprecipitation, crystallization from melt or exsolution from ilmenite.
Fortunately, recent advances have allowed links to be made between the age retrieved and the P-T point or segment along the prograde or retrograde evolution where zircon formed. These advances include the use of trace element partitioning between coeval zircon and garnet (e.g. Rubatto 2002; Harley & Kelly 2007 ) and the application of Ti-inzircon thermometry Baldwin et al. 2007; Ferry & Watson 2007 ). In addition, thermodynamic modelling of accessory phase stability by Kelsey et al. (2008) has provided a framework to understand crystallization of zircon (and monazite) from anatectic melt.
The utility of zircon dating in granulites and ultrahigh-temperature metamorphic rocks has significantly improved as a result of these advances (e.g. Whitehouse & Platt 2003; Kelly & Harley 2005; Rubatto et al. 2006; Harley & Kelly 2007; Baldwin & Brown 2008) , and the oversimplified interpretation of zircon ages as dating the peak of metamorphism is no longer acceptable. Furthermore, it has been shown that zircon ages commonly record growth along the hightemperature segment of the retrograde P-T-t path (e.g. Hokada & Harley 2004; Kelly & Harley 2005; Harley & Kelly 2007; Baldwin & Brown 2008) , particularly for zircon located in leucosome where the age and temperature of crystallization are likely to provide well-constrained data along the immediate postpeak P-T-t path. However, careful documentation and interpretation is required, as it has also been shown that relict zircon can survive ultrahigh-temperature metamorphism even when temperatures of c. 950 8C have been maintained for at least 1 Ma (Möller et al. 2002) .
In this paper, we address the timing of high-grade metamorphism in the southern sector of the Southern Brasília Belt, which has implications for the beginning of the amalgamation of West Gondwanan elements in South America and for the time scale of this process, as amalgamation was not finally completed until the Middle Cambrian Epoch (Schmitt et al. 2004) . The southern sector of the Southern Brasília Belt comprises a stack of nappes metamorphosed to high-pressure granulite-facies conditions during the Neoproterozoic Brasília Orogeny. Although the timing of metamorphism has been suggested to be c. 630 Ma (e.g. Campos , no detailed study of the timing of nappe formation and emplacement or of the age of the high-pressure granulite-facies metamorphism has been undertaken previously.
We present the first results from an integrated petrological, microstructural, chemical and chronological study of zircon for samples from the high-pressure granulite nappes in the southern sector of the Southern Brasília Belt. We use the petrographic setting of zircon, the REE chemistry of zircon and garnet, and temperatures from Ti-in-zircon thermometry to interpret the environment of zircon growth and provide a context for the interpretation of U-Pb ages. The results provide the first wellconstrained ages dating the early amalgamation of cratons in West Gondwana. In addition, we report Rb-Sr multi-mineralwhole-rock isochron ages that we interpreted to date the formation of a retrograde sillimanite-bearing penetrative fabric close to the bottom of the uppermost passive margin-derived highpressure granulite nappe.
Recently, Baldwin & Brown (2008) have reported thermal ionization mass spectrometry (TIMS) U-Pb zircon ages from the northern sector of the Southern Brasília Belt demonstrating that ultrahigh-temperature metamorphism occurred during the interval c. 649-634 Ma, and Giustina et al. (2009) have reported laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U-Pb zircon ages of c. 650 Ma for amphiboliteto granulite-facies metamorphism in the Uruaçu Complex adjacent to the eastern limit of the Mara Rosa Arc at the southern end of the Northern Brasília Belt. The data we present here for the southern sector of the Southern Brasília Belt show that: (1) the age of metamorphism for the passive margin-derived highpressure granulite nappe, as constrained by zircon formation along the high-temperature suprasolidus segment of the retrograde P-T evolution to the solidus, is similar to the age of the ultrahigh-temperature metamorphism in the northern sector of the belt; (2) the close-to-peak-P metamorphism in associated blocks of retrograded eclogite that represent slivers of former ocean crust occurred c. 30 Ma before this time.
Geological setting
The Neoproterozoic assembly of Gondwanan elements in southeastern Brazil (Fig. 1a) began with the closure of the Brazilide Ocean and suturing of the Paranapanema Block and several intervening arcs (e.g. Arenópolis Arc, Socorro-Guaxupé Arc) in the south (older) and the Amazon Craton, Goiás Massif and Mara Rosa Arc in the north (younger) to the western margin (present coordinates) of the São Francisco Craton, creating the Southern and Northern arms of the Brasília Belt (Fig. 1b) , respectively (Campos Neto & Caby 1999 Junges et al. 2002; Pimentel et al. 2004; Valeriano et al. 2004 Valeriano et al. , 2008 . Subsequent closure of the Adamastor Ocean, a restricted southwardopening ocean between the eastern margin of the São Francisco craton and the Congo craton, involving at least one intervening arc (the Rio Negro Magmatic Arc), produced the Araçuaí and Ribeira-Buzios Belts along the South American coast (Fig. 1b) and the West Congo and Kaoko Belts along the African coast (e.g. Machado et al. 1996; Heilbron & Machado 2003; Schmitt et al. 2004 Schmitt et al. , 2008 Alkmim et al. 2006; Heilbron et al. 2008) .
The southern sector of the Southern Brasília Belt comprises a stack of flat-lying nappes that overlie the São Francisco Craton (Ribeiro et al. 1995; Campos Neto & Caby 1999) . The lowergrade nappes (Fig. 1c) record the lowest pressures but are structurally deeper in the nappe stack, whereas the higher-grade Carmo da Cachoeira/Andrelândia, Lambari/Liberdade and Três Pontas-Varginha Nappes (Fig. 1c) record higher pressures and occur structurally higher in the nappe stack (e.g. Campos Neto & Caby 1999 Garcia & Campos Neto 2003) . The SocorroGuaxupé Nappe, at the top of the nappe stack, comprises part of the magmatic arc from the hanging wall (Campos Neto & Caby 1999) . The nappes beneath the Socorro-Guaxupé Nappe are composed of metasedimentary rocks originally deposited along a passive margin on the western side (present coordinates) of the São Francisco Craton prior to subduction and terminal collision (e.g. Ribeiro et al. 1995) .
Our focus in this study concerns two of the higher-grade nappes, the arc-derived Socorro-Guaxupé Nappe and the underlying passive margin-derived Três Pontas-Varginha Nappe. Using a variety of conventional exchange thermometers and nettransfer barometers, Campos Neto & Caby (2000) estimated P-T conditions of c. 1.4-1.2 GPa and c. 800 8C for garnet-twopyroxene granulite from the lower portion of the SocorroGuaxupé Nappe. Using similar methods, those workers estimated P-T conditions of c. 1.6-1.0 GPa over a range of temperature around 700 8C from lower structural levels (Três Pontas granulites) and c. 1.5-1.1 GPa and c. 850-800 8C from higher structural levels (Varginha-type granulites) of the Três PontasVarginha Nappe, although there is considerable variation in the estimates from sample to sample. Based on these results, Campos Neto & Caby (2000) proposed that an apparent upward increase in temperature in the Três Pontas-Varginha Nappe was related to the emplacement of the overlying Socorro-Guaxupé Nappe and suggested a 'hot iron' model for the thermal inversion. Broadly similar P-T conditions were obtained by Garcia & Campos Neto (2003) using TWEEQU thermobarometry, which yielded maximum results of c. 1.0-1.2 GPa and c. 820-890 8C for the Socorro-Guaxupé Nappe, and up to c. 1.5 GPa and c. 840 8C and c. 1.1-1.3 GPa and c. 780-960 8C, respectively, for the lower and upper parts of the Três PontasVarginha Nappe.
Blocks of retrograded eclogite (locally referred to as retroeclogite) are located along the tectonic contact between the Liberdade Nappe and the underlying Andrelândia Nappe, inferred to be lateral equivalents to the Três Pontas-Varginha and Carmo da Cachoeira Nappes, respectively (Fig. 1c) . These eclogites are interpreted to represent slivers of ocean crust (Trouw et al. 2000) forming the basement of the Liberdade Nappe (Três Pontas-Varginha Nappe) transported along the lower contact of this nappe after it was detached from the downgoing plate while it was being underthrust by the passive margin prior to detachment of the next nappe to be accreted to the hanging wall of the subduction system. Pressures of c. 1.7-1.5 GPa for temperatures of 660-720 8C have been reported by Campos Neto & Caby (1999) from garnet clinopyroxenite (retrograded eclogite) located between the Liberdade (Três PontasVarginha) and Andrelândia (Carmo da Cachoeira) Nappes.
The timing of metamorphism in the Anápolis-Itauçu Complex in the northern sector of the Southern Brasília Belt is constrained to c. 649-634 Ma, based on high-precision TIMS U-Pb zircon ages (Baldwin & Brown 2008 ; see also Piuzana et al. 2003) . In contrast, the timing of metamorphism in the southern part of the Southern Brasília Belt has been inferred to be c. 630 Ma based on limited data from the metamorphic rocks (e.g. Trouw & Pankhurst 1992; Campos Neto & Caby 1999 Vlach & Gualda 2000; Campos Neto et al. 2004; Valeriano et al. 2004; Martins et al. 2009 ).
Methods
Zircon was located in thin section using a Hitachi S-3100 scanning electron microscope at the Pheasant Memorial Laboratory (PML), at the Institute for the Study of the Earth's Interior in Misasa, Okayama University, Japan. Backscattered electron (BSE) and cathodoluminescence (CL) images were taken at PML using the Hitachi S-3100 and at the University of Maryland (UMD) using a JEOL 8900 Superprobe with an accelerating voltage of 15 kV and a cup current of c. 50 nA.
Uranium and Pb isotopes were measured by high-resolution secondary ion mass spectrometry (HR-SIMS) using a Cameca ims-1270 system at PML, following the protocol of Usui et al. (2002) . Zircons were analysed in situ in 1 inch rounds cut from conventional polished thin sections to preserve petrographic context. To reduce common Pb contamination on the sample surface, rounds were rinsed with 0.1M HF and placed in a 0.1M HNO 3 ultrasonic bath for 3 min. þ were simultaneously collected using electron multipliers, and UO þ was collected by adjusting magnet power. Raw data were corrected for instrumental mass discrimination and mass fractionation of the U/Pb atomic ratio and Pb isotopic ratios using calibration curves obtained for the 91500 zircon standard (Wiedenbeck et al. 1995 (Wiedenbeck et al. , 2004 at the beginning of each analytical session using an in-house Microsoft Excel macro.
In addition, U and Pb isotopes were measured in some samples by ICP-MS using a Finnegan Element 2 system coupled to a 213 nm quintuple-coupled Nd-YAG laser at the University of Maryland following the protocol of Chang et al. (2006) . Analysis spot sizes were 30-40 ìm, and analysis was carried out at a photon fluence of 2 J cm À2 and a flash repetition of 7 Hz. Analyses were conducted on single zircons selected from mineral separates and not in situ. Batches of five analyses of unknown zircons were bracketed by two analyses each of zircon standard 91500 (Wiedenbeck et al. 1995 (Wiedenbeck et al. , 2004 and Temora 1 (Black et al. 2003) . 202 Trace element compositions in garnet were measured by ICP-MS using a Finnigan Element 2 system coupled to a 213 nm quintuple-coupled Nd-YAG laser at the UMD. Analysis spot sizes were 40-55 ìm, and analysis was carried out at a photon fluence of c. 2.4-2.9 J cm À2 and a flash repetition of 7 Hz. All analyses were conducted in situ on garnets contained in the same 1 inch rounds as prepared for zircon analysis. A single analysis comprised collection of c. 20 s of background with the laser off followed by c. 70 s of ablation. Concentration data for elements of interest were obtained from the ratio of a 30-70 s plateau of counts during the ablation to the Ca concentration as measured using an electron probe microanalyser for the same spots. Calibration was carried out relative to the NIST 610 glass standard (Pearce et al. 1997) , which was analysed twice at the beginning and twice at the end of each block of 20 analyses. The standard deviation on the calibration was between 0.5% and 3.4%.
Electron microprobe analysis of titanium in zircon, using the JEOL 8900 Superprobe at UMD, was undertaken on the same thin sections used for U-Pb zircon dating. An accelerating voltage of 20 kV, a beam current of 150 nA and a spot size of 3 ìm was used for all analyses. The titanium KAE peak was measured simultaneously on three channels with PETH/PETJ crystals for 300 s, and for 150 s on each background position. Zirconium LAE was measured with a PETJ crystal for 10 s on the peak and 5 s on each background, silicon KAE was measured with a TAP crystal for 100 s on the peak and 50 s on each background and hafnium MAE was measured on a TAP crystal for 60 s on the peak and 30 s on each background. Synthetic zircon (ZrSiO 4 ), hafnon (HfSiO 4 ) and the NIST 610 glass were used as standards. Data were reduced using ZAF correction procedures. The uncertainties on single temperatures are calculated by propagating counting statistics together with uncertainties on the calibration through the temperature equation (Ferry & Watson 2007) .
Problems with secondary fluorescence of Ti in Ti-rich minerals such as rutile and ilmenite were reported by Watson et al. (2006) when using the electron microprobe to analyse small zircons (,5-10 ìm) closely associated with rutile. In most instances, zircon grains in this study are significantly larger (100-250 ìm) than those analysed by Watson et al. (2006) . In this study, we did not observe any noticeable difference between Ti concentrations measured in zircons adjacent to ilmenite and those from zircons not touching ilmenite in the same domains in single thin sections.
Electron microprobe analysis of titanium in quartz was undertaken using the JEOL 8900 Superprobe at UMD. An accelerating voltage of 15 kV, a beam current of 150 nA and a spot size of 30 ìm was used for all analyses. The titanium KAE peak was measured simultaneously on three channels with PETH/PETJ crystals for 300 s, and for 150 s on each background position. NIST 610 glass was used as a standard for Ti (Pearce et al. 1997) . Data were reduced using ZAF correction procedures. The uncertainties on single temperatures are calculated by propagating counting statistics together with uncertainties on the calibration through the temperature equation .
Rb-Sr and Sm-Nd compositions were analysed at PML on whole-rock powders and separates of biotite, garnet and a white mineral fraction of quartz, plagioclase and sillimanite + kyanite following the protocol of Nakamura et al. (2003) . A 20-80 mg aliquot of each sample was weighed in a Teflon beaker, and Rb (87 enriched), Sr (84 enriched), Sm (149 enriched) and Nd (150 enriched) spikes were added to each sample.
Sample digestion followed the protocol of Yokoyama et al. (1999) ; 30M HF, 7M HClO 4 and 6M HCl was added to the samples before placing them in a heated ultrasonic bath overnight. The digested samples were dried by stepwise heating in a cleaned evaporator. A combination of HClO 4 addition and stepwise drying was used to ensure complete decomposition of insoluble fluoride. Separation of Rb, Sr, Sm and Nd followed the procedures of Yoshikawa & Nakamura (1993) and Nakamura et al. (2003) 17 (2ó) for the La Jolla Nd standard. The total procedural blank for Rb, Sr, Sm and Nd was 2 pg, 9 pg, 0.8 pg and 3 pg, respectively. This blank is negligible for the purposes of this study.
For this study, four samples of high-pressure granulite from the Três Pontas-Varginha Nappe were analysed by X-ray fluorescence (XRF) for major elements to determine the bulkrock compositions. For three of the samples the XRF analyses were carried out using a Phillips 2404 XRF spectrometer at Franklin & Marshall College, where FeO contents were analysed by Fe 2þ titration; Fe 2 O 3 contents were calculated by difference.
The fourth sample was analysed using a Seimens SRS-200 sequential spectrometer at Washington University; the Fe 2 O 3 content was based on average proportions of FeO to Fe 2 O 3 in granulite-grade metapelites.
Sample description
Zircons were analysed from two samples from the SocorroGuaxupé Nappe, one sample from a tectonic block of retrograded eclogite and three samples from different structural levels in the Três Pontas-Varginha Nappe. Sm-Nd and Rb-Sr data were collected for two separates from one of the samples from the Três Pontas-Varginha Nappe. The petrographic context of zircons in thin section provides first-order information to link P-T conditions derived from the major phases or using Ti-inzircon thermometry with U-Pb age information derived from the zircon.
Socorro-Guaxupé Nappe
Two samples were taken from 1-2 m diameter blocks interpreted to be in situ from close to the base of the arc-derived SocorroGuaxupé Nappe from south of the city of Varginha. These samples are interpreted to represent igneous protoliths that formed in a magmatic arc environment before being metamorphosed at high-pressure granulite-facies conditions. Sample 05-06-3 (Table 1) comprises an unfoliated, medium-grained (1-3 mm grain size) K-feldspar-bearing two-pyroxene granulite. Rare rounded zircon grains 30-50 ìm in diameter occur as inclusions in orthopyroxene; in CL images, they are unzoned. Sample 04-7-1 (Table 1 ) comprises a foliated, migmatitic garnet-orthopyroxene-quartz-plagioclase-hornblende rock with garnet up to 1 cm in diameter and accessory ilmenite. Leucosomes contain euhedral to subhedral garnet together with quartz and plagioclase. Rare rounded zircons (50-100 ìm in diameter) occur as inclusions in plagioclase in leucosomes (Fig. 2a) ; in CL images, they exhibit concentric zoning (Fig. 3a) .
Retrograded eclogite
A retrograded eclogite sample was collected from a tectonic block located between the Liberdade and Andrelândia Nappes, inferred to be lateral equivalents to the Três Pontas-Varginha and Carmo da Cachoeira Nappes, respectively (Fig. 1c) . Sample 05-13-13 (Table 1) comprises millimetre-size garnets that are separated by an irregular rim of granoblastic plagioclase from Coordinates are given for UTM southern hemisphere zone 23 with the WGS 84 ellipsoid.
symplectic aggregates of plagioclase and clinopyroxene that we infer to have replaced a more jadeitic pyroxene. Millimetre-size prismatic hornblende is in a microstructural relationship with the symplectic aggregates of plagioclase and clinopyroxene that we interpret to record their replacement by the hornblende. Rare rounded zircons (c. 20 ìm diameter) without any visible internal structure occur as inclusions in garnet ( Fig. 2b ) and in the symplectic aggregates of plagioclase and clinopyroxene. Our preferred interpretation is that the zircons grew as zirconium was liberated by the breakdown of igneous pyroxene on the prograde P-T path forming inclusions in eclogitic garnet and jadeitic pyroxene. Thus, we interpret the rare zircons in the symplectic plagioclase and clinopyroxene assemblage to be relict inclusions from the former more jadeitic pyroxene. However, we cannot exclude the possibility that the zircons were inherited from the basaltic protolith.
Três Pontas-Varginha Nappe
Samples were taken from three locations in the uppermost passive margin-derived high-pressure granulite-facies Três Pontas-Varginha Nappe. Samples 04-6-21 and 04-6-108/110 are from the Santo Antonio Quarry near the base of the nappe, samples 04-6-11 and 04-6-2 are from the Três Pontas Quarry near the structural middle of the nappe, and sample 05b-6-31b is from the Lixão (quarry used as a garbage dump) in the city of Varginha near the top of the nappe. Sample 04-6-21 (Table 1) is a quartz-garnet-aluminosilicate-K-feldspar gneiss. It comprises coarse garnet (1-1.5 cm across) and elongate augen of ternary feldspar and quartz with a mosaic microstructure wrapped by a layered foliation (Fig. 4a ) comprising discontinuous layers of elongate quartz grains and layers of millimetre-size K-feldspar and quartz or biotite and sillimanite (AE rare kyanite). In addition, biotite occurs as irregular inclusions or as part of polymineralic inclusions with quartz in garnet, and as thin rims replacing the edges of some garnets. Rare plagioclase occurs as intersertal patches with low dihedral angles against quartz and K-feldspar ( Fig. 4b) suggesting that it pseudomorphs the last traces of interstitial melt during final crystallization at the solidus. Sporadic bulbous myrmekite may occur along K-feldspar grain boundaries. Zircon (40-80 ìm diameter) occurs as inclusions in garnet and in the leucocratic layers. CL imaging reveals distinct dark cores surrounded by bright rims (Fig. 3b) .
Sample 05b-6-108 (Table 1) is a quartz-garnet-aluminosilicate-K-feldspar gneiss. Euhedral garnets up to 1 cm in diameter include quartz, muscovite and kyanite. The matrix is composed of discontinuous layers of elongate quartz, and layers comprising equant quartz and K-feldspar, together with variable amounts of oriented sillimanite and biotite (up to 1 mm long) that together define a compositional layering and the foliation. The foliation wraps around the garnets and augen of ternary feldspar and quartz; sporadic kyanite grains occur in the augen. Coarsergrained biotite up to 5 mm across occurs in pressure shadows associated with garnet. Accessory ilmenite and monazite also occur in the matrix.
Sample 04-6-11 (Table 1) is leucosome-dominated and comprises primarily medium-grained (2-4 mm) quartz, plagioclase and K-feldspar, with skeletal clusters of euhedral garnet up to 1 cm in diameter intergrown with quartz, sporadic sub-millimetre grains of biotite interpreted to partially replace garnet, and rare intersertal or patchy retrograde muscovite. Stringers of ilmenite up to 2 mm long occur along K-feldspar-K-feldspar grain boundaries. Euhedral zircon up to 250 ìm in diameter (Fig. 2d-g ) occurs in association with ilmenite, typically with a common grain boundary. CL imaging reveals that the zircons are concentrically zoned (Fig. 3c) .
Sample 04-6-2 (Table 1) is a quartz-garnet-K-feldsparkyanite-biotite-muscovite-rutile-ilmenite gneiss. Garnet is associated with layers composed of millimetre-size equant K-feldspar and quartz in a mosaic microstucture separated by larger quartz grains or discontinuous layers of coarse quartz grains defining a crude foliation. Biotite occurs as inclusions in garnet (generally c. 5 mm in diameter), as retrograde fringes sporadically around garnet or as intersertal grains moulded on K-feldspar, and sometimes as fine grains associated with kyanite (c. 1 mm long) in the crude foliation. Rare coarse-grained muscovite is unoriented and intersertal between K-feldspar grains and between K-feldspar and quartz grains (Fig. 4c) , and is interpreted to have formed close to the solidus. Modally minor intersertal plagioclase occurs between euhedral K-feldspar grains and along grain boundaries between euhedral K-feldspar and garnet or quartz grains (Fig. 4d) , and is interpreted to have formed during final crystallization of residual melt. Accessory rutile occurs as inclusions in garnet, and both rutile and ilmenite occur in the matrix. Zircon was not analysed in this sample, which was used to constrain P-T conditions. Sample 05b-6-31b (Table 1) is a quartz-garnet-biotite-Kfeldspar-plagioclase-aluminosilicate-ilmenite gneiss that is strongly foliated (Fig. 4e) . Semi-continuous layers comprising elongate quartz grains separate layers composed predominantly of equant ternary feldspar with a mosaic microstructure, finergrained rounded quartz and commonly interstitial plagioclase. This layering defines a strong foliation that wraps around garnets (2-5 mm diameter). Kyanite and ilmenite occur as inclusions in the mantle regions of garnet, and ilmenite also occurs in the matrix. Biotite (,1 mm) occurs preferentially in layers as sporadic grains associated with and sometimes moulded on plagioclase, as aggregates of grains aligned in the foliation, and as millimetre-size grains interpreted to replace garnet. Minor kyanite and abundant sillimanite grains up to 5 mm in length are oriented in the foliation. Sillimanite also occurs as aggregates of small (,0.5 mm) grains formed along cracks that separate fragments of garnet. Rounded to euhedral zircons (Fig. 2c) up to 100 ìm in diameter are associated with the ilmenite grains, both in the mantle regions of garnet and in the matrix. CL imaging reveals that zircons have patchy cores surrounded by bright rims (Fig. 3d) .
Metamorphic conditions
For orthogranulite samples from the arc-derived SocorroGuaxupé Nappe at the top of the nappe stack (Fig. 1) , average thermobarometry using THERMOCALC and an internally consistent thermodynamic dataset Powell et al. 1998 ) yields P-T conditions of 1.5 AE 0.2 GPa and .900 8C that are inferred to be close to the peak metamorphic conditions. For the underlying passive margin-derived metasedimentary rocks of the Três Pontas-Varginha Nappe, we have constructed isochemical phase diagrams (pseudosections) for four samples from three structural levels within the nappe: one sample from close to the base, two samples from the middle and one sample from close to the top.
Mineral equilibria modelling was undertaken using THERMO-CALC 3.26 (Powell & Holland 1988; updated August 2007) and the internally consistent dataset of : dataset tcds55, created in November 2003 . The calculations were carried out in the chemical system Na 2 O-CaO-K 2 OFeO-MgO-Al 2 O 3 -SiO 2 -H 2 O-TiO 2 -Fe 2 O 3 (NCKFMASHTO) using the most recently available a-x models: biotite and melt (White et al. 2007 ), orthopyroxene and spinel-magnetite , garnet (Diener et al. 2008) , cordierite ), K-feldspar and plagioclase (Holland & Powell 2003) , white mica (Coggon & Holland 2002) , and ilmenite- hematite (White et al. 2000) . The aluminosilicates, quartz, and aqueous fluid (H 2 O) are taken to be pure end-member phases. The modelling does not include Mn, for which the a-x models currently are being revised (R. Powell, pers. comm.) , or minor components such as F or Cl in biotite or Cr 2 O 3 in magnetite, which may affect the stability of these phases. However, the NCKFMASHTO system is currently the most realistic approximation of rock compositions within which modelling of highgrade metamorphic assemblages can be undertaken (White et al. 2003 (White et al. , 2007 .
The preservation of close-to-peak metamorphic mineral assemblages without widespread retrogression in the Três PontasVarginha Nappe samples is consistent with melt loss from these rocks (see Powell & Downes 1990; Brown 2002; Moraes et al. 2002; . The analysed bulk compositions are residual with respect to an average amphibolite-facies pelite (e.g. Brown & Korhonen 2009) and are considered to be appropriate for investigating the P-T evolution after the last melt loss event (see White et al. 2004; Diener et al. 2008) , which corresponds to the close-to-peak and retrograde evolution of these samples. The H 2 O contents in the compositions used for modelling were based on loss on ignition (LOI) values from the whole-rock chemical analyses. The low H 2 O contents estimated from LOI reflect the dehydrated nature of these rocks and modification of the protolith bulk composition by melt loss.
A detailed discussion of the uncertainties associated with the calculation of equilibrium phase relations is beyond the scope of this paper. Powell & Holland (2008) discussed the effects of factors such as bias, analytical uncertainty and a-x relations on the uncertainties associated with the phase assemblage field apices and boundaries, and on the mole proportion isopleths in isochemical phase diagrams, and White et al. (2001 White et al. ( , 2007 discussed the effect of adding components to or subtracting them from the chemical system. We estimate uncertainties on the absolute position of isopleths in the isochemical phase diagrams to be of the order of 20-30 8C and 0.3-0.6 GPa.
Isochemical phase diagrams were constructed for one sample from close to the base of the Três Pontas-Varginha Nappe (04-6-21; Fig. 5a ) for which we report Rb-Sr and Sm-Nd isochrons but for which we were unable to retrieve a U-Pb age from zircon, two samples from the middle of the nappe, for one for which we report U-Pb age from zircon (04-6-11; Fig. 5b ) and an additional sample (04-6-2; Fig. 5c ) taken from the same outcrop, and one sample (05b-6-31b; Fig. 5d ) from close to the top of the nappe. Mineral abbreviations are after Kretz (1983) . For samples 04-6-21 and 04-6-2, the calculated phase assemblages may include both rutile and ilmenite ( Fig. 5a and c) . For phase assemblage fields that border the rutile-out line on the highpressure side, the phase assemblages contain ,0.7 mol% ilmenite, and for phase assemblage fields at higher pressures, the phase assemblages contain ,0.3 mol% ilmenite.
The peak assemblage in sample 04-6-21, from the close to the bottom of the Três Pontas-Varginha Nappe, is best represented by the phase assemblage field quartz-garnet-K-feldsparkyanite-ilmenite-rutile-silicate melt, which constrains peak pressure to .1.2 GPa and peak temperature to .870 8C (Fig. 5a) . Biotite is present only as fringes on garnet and in the foliation, and is not interpreted to be part of the peak assemblage.
Microstructural observations in sample 04-6-21 are consistent with a close-to-isobaric cooling high-temperature retrograde P-T path (Fig. 5a ). Biotite fringing garnet and associated with kyanite in the foliation is interpreted to be retrograde, consistent with cooling through the quartz-garnet-biotite-K-feldspar-kyaniteilmenite-rutile-silicate melt field towards the solidus (Fig. 4a) . Rare plagioclase is interpreted to pseudomorph the last traces of interstitial melt (Fig. 4b) , which is consistent with cooling through the quartz-garnet-biotite-K-feldspar-kyanite-ilmenite-rutile-plagioclase-silicate melt field to the solidus at a temperature around 850 8C with pressure ,1.45 GPa (Fig. 5a) .
Samples 04-6-11 and 04-6-2 were collected from the same outcrop, and in the absence of any tectonic breaks must have experienced the same metamorphic history. As such, information from the isochemical phase diagrams for both samples may be considered together to interpret the metamorphic evolution of the middle part of the Três Pontas-Varginha Nappe. The range of possible peak P-T conditions for the leucosome-dominated sample 04-6-11 is defined by the phase assemblage field quartzgarnet-biotite-K-feldspar-plagioclase-ilmenite-silicate melt, which occurs at pressures of c. 1.5-1.6 GPa at temperatures greater than c. 830 8C (Fig. 5b) . The range of possible peak P-T conditions for sample 04-6-2 are defined by the phase assemblage field quartz-garnet-K-feldspar-kyanite-ilmenite-rutilesilicate melt, which occurs at pressures greater than c. 1.4 GPa at temperatures greater than c. 840 8C (Fig. 5c) . Combining information from both samples, we interpret the peak metamorphic conditions to have been P around 1.5 GPa and T .840 8C based on the overlap of the peak phase assemblage fields.
Microstructural observations in sample 04-6-2 are consistent with a close-to-isobaric cooling high-temperature retrograde P-T path (Fig. 5c) . Biotite replacing garnet, intersertal to K-feldspar or aligned in the foliation is interpreted to be retrograde, consistent with cooling through the quartz-garnetbiotite-K-feldspar-kyanite-ilmenite-rutile-silicate melt field towards the solidus (Fig. 5c ). Then sporadic coarse-grained intersertal muscovite (Fig. 4c) is interpreted to have formed by cooling through the quartz-garnet-biotite-muscovite-Kfeldspar-kyanite-ilmenite-rutile-silicate melt field close to the solidus (Fig. 5c) . Lastly, intersertal plagioclase (Fig. 4d) is interpreted to have formed during final crystallization of residual melt as the rock cooled through the quartzgarnet -biotite -K-feldspar -plagioclase -muscovite -ilmeniterutile-silicate melt field to the solidus (Fig. 5c) . At temperatures below c. 820 8C, kyanite is inferred to persist as a metastable phase in the field of quartz-garnet-biotite-Kfeldspar-plagioclase-muscovite-ilmenite-rutile-silicate melt (Fig. 5c) .
The peak assemblage in sample 05-6-31b, from close to the top of the Três Pontas-Varginha Nappe, is best represented by the phase assemblage field quartz-garnet-K-feldspar-kyaniteilmenite-plagioclase-silicate melt, which constrains peak pressure to c. 1.2-1.6 GPa, and peak temperature to .900 8C (Fig.  5d) . Biotite is present only in the foliation and is not interpreted to be part of the peak assemblage. The natural biotite composition is similar to that calculated for biotite in the phase stability field of quartz-biotite-muscovite-kyanite-garnet-ilmeniteplagioclase-silicate melt, which occurs at temperatures of c. 830 to c. 810 8C on the retrograde P-T path, supporting growth during final crystallization of residual melt close to the solidus.
The range of peak P-T conditions determined from samples 04-6-21B and 05-6-31b is broadly consistent with the range determined from the middle of the nappe, although the pressure is poorly constrained for these samples and only minimum temperatures were determined from the appropriate phase assemblage fields for samples 04-6-2 and 04-6-11 from the middle of the nappe. The peak phase assemblages for all four samples from both lower and higher in the nappe are consistent with temperatures .850-900 8C (Fig. 6) , and there is no evidence in this study that peak temperature was as low as c. 700 8C lower in the nappe or that temperature increased significantly upward as postulated by Campos Neto & Caby (2000) .
Samples from close to the bottom (04-6-21) and close to the top (05-6-31b) of the nappe have a retrograde penetrative fabric defined in part by coarse prismatic sillimanite. The presence of sillimanite requires that pressure decreases across the kyanite-tosillimanite equilibrium into the sillimanite stability field (Fig. 7a  and b) , which we associate with exhumation (see Campos Neto & Caby 1999) . However, cordierite is not observed in either sample and sillimanite appears to be in equilibrium with other phases; these features place a lower limit on the decompressive segment of the P-T paths for these samples (in Fig. 7a , P must be above the quartz-garnet-K-feldspar-biotite-cordieritesillimanite-ilmenite-plagioclase assemblage field, and in Fig.  7b , P must be above the quartz-biotite-cordierite-K-feldsparsillimanite-ilmenite-plagioclase-assemblage field). In sample 04-6-21, coarse prismatic sillimanite occurs with rare kyanite, biotite, K-feldspar, minor plagioclase and quartz defining the fabric, which we interpret to be a high-temperature, subsolidus retrograde feature ( Fig. 4a) . In contrast to the situation close to the solidus, there is not much change in phase proportions implied during decompression, as indicated by the wide stability of the assemblage quartz-garnet-biotite-K-feldsparplagioclase-kyanite-ilmenite-rutile and the minimal occurrence of isopleths of changing mol% of phases across this field in Figure 7a . In sample 05-6-31b, coarse prismatic sillimanite defines the foliation with minor kyanite, biotite, K-feldspar, minor plagioclase and quartz (Fig. 4e) , which we also interpret to be a subsolidus feature despite the rock recrossing the solidus during the inferred decompression into the sillimanite stability field (Fig. 7a and b) . We postulate that either the domainal microstructure or the lack of any significant aqueous fluid phase on grain boundaries or both features may have inhibited the limited melting (up to c. 2 mol%) implied by a literal reading of the phase diagram during decompression. Absence of any significant aqueous fluid phase is also likely to be the reason for metastable persistence of garnet into the sillimanite field.
To constrain the temperature of formation of the fabric, we have used Ti-in-quartz thermomentry ). For sample 04-6-21, Ti-in-quartz thermometry yields c. 750 8C (752 AE 6 8C for quartz included in garnet and 748 AE 4 8C for quartz in discontinuous layers in the matrix; uncertainties quoted are 2ó), and for sample 05-6-31b, Ti-in-quartz thermometry yields c. 740 8C (747 AE 14 8C for quartz included in garnet and 739 AE 7 8C for quartz in variably continuous layers in the matrix; uncertainties quoted are 2ó). These data imply a close-toisentropic decompression P-T path at temperatures a few tens of degrees below the solidus, as shown in Figure 7a and b. At these temperatures, the range of pressures for the stable mineral assemblage is from around 0.9 GPa to slightly less than 0.6 GPa, which means that no pressure correction is necessary to the calculated temperatures (Thomas & Watson 2008 ).
Rare earth element data REE data were collected from zircons for five of the samples, including three from the Três Pontas-Varginha Nappe (04-6-11, 05b-6-31b and 04-6-21) and two from the Socorro-Guaxupé Nappe (05-06-3 and 04-7-1). REE data were not collected for zircon from the retrograded eclogite sample because the limited number of zircons in the thin section large enough to analyse with a single SIMS spot was used for dating. REE data were collected from garnet for all three Três Pontas-Varginha Nappe samples and sample 04-7-1 from the Socorro-Guaxupé Nappe.
Establishing the relative timing of zircon growth, garnet growth and melt crystallization is invaluable to the interpretation of the P-T-t history of high-grade rocks. Recent work has indicated that the distribution of the heavy REE (HREE: Tb-Lu) between garnet and zircon, minerals that both preferentially incorporate REE into their crystal structure during growth, provides insight into these relationships (e.g. There are currently two contrasting schools of thought regarding the degree to which the REE, in particular the HREE, are partitioned between garnet and zircon. Using distribution coefficients empirically determined for zircon and garnet from ultrahigh-temperature granulites, one group advocates a flat D REE(Zrn=Grt) pattern at values near unity for the HREE when zircon and garnet are formed in equilibrium (e.g. Hokada & Harley 2004; Kelly & Harley 2005; Harley & Kelly 2007) . In contrast, using distribution coefficients empirically determined for zircon that crystallized from granulite-facies rocks at c. 800 8C, the other group advocates positively sloping D REE(Zrn=Grt) Fig. 6 . Peak mineral assemblage fields taken from the isochemical phase diagrams of Figure 5 with the postulated high-T retrograde close-toisobaric P-T path superimposed (0.15 GPa wide black arrow, which corresponds to an estimated nappe thickness of 5 km (Campos Neto & Caby 2000)). The peak phase assemblage field for sample 04-6-21 is garnet, biotite, quartz, K-feldspar, plagioclase, ilmenite and silicate melt. The peak phase assemblage field for sample 04-6-11 is garnet, biotite, quartz, K-feldspar, plagioclase, ilmenite and silicate melt. The peak assemblage for sample 04-6-2 is garnet, biotite, K-feldspar, plagioclase feldspar, quartz, ilmenite and silicate melt. The peak assemblage for sample 05-6-31b is garnet, K-feldspar, kyanite, ilmenite, plagioclase, quartz and silicate melt. Fig. 7 . Isochemical phase diagrams for (a) sample 04-6-21 from close to the bottom of the Três Pontas-Varginha Nappe, and (b) sample 05b-6-31b from close to the top of the Três Pontas-Varginha Nappe.
All assemblages also include quartz. Postulated schematic P-T path (0.15 GPa wide white arrow, which corresponds to an estimated nappe thickness of 5 km (Campos Neto & Caby 2000) ) composed of a close-to-isobaric cooling segment in the deep crust of the hanging-wall nappe stack, an isentropic (close-to-isothermal) exhumation segment and a second close-to-isobaric cooling segment in the mid-crust.
patterns with values in the range of 0.7-2.3 for Gd and 6.3-24 for Lu when zircon and garnet are formed in equilibrium (e.g. Rubatto 2002; Buick et al. 2006; Rubatto et al. 2006) . Rubatto & Hermann (2007) presented experimental data that suggest a temperature dependence for the partitioning of the HREE between garnet and zircon that could reconcile the difference between the two schools of thought. As the nappes in the Southern Brasília Belt were subjected to high-pressure granulitefacies conditions at temperatures similar to those of the samples used in the empirical determinations of the second group, and the REE partitioning between garnet and zircon could be temperature dependent, in this study we compare REE data for Southern Brasília Belt zircon and garnet with the D REE(Zrn=Grt) patterns presented by the second group of researchers and by Rubatto & Hermann (2007) . Zircon formed in an igneous environment lacking a competing phase that strongly sequesters REE will exhibit enrichment in the HREE and depletion in the light REE (LREE: La-Pr) relative to chondritic abundances. If unaltered, these igneous zircons will typically show a steeply rising slope between the LREE and HREE, and will typically have positive Ce and negative Eu anomalies. Zircon formed in the presence of a melt that has not crystallized a phase that strongly sequesters REE will display similar REE patterns to igneous zircon (e.g. Schaltegger et al. 1999; Rubatto et al. 2001) . The crystallization of phases with strong affinities for the REE, such as garnet, will lead to REE depletion in the melt; zircon crystallized from REE-depleted melt may exhibit similarly depleted REE patterns.
Metamorphic or altered zircons deviate from these patterns (Rubatto 2002; Whitehouse & Platt 2003; Kelly & Harley 2005; Harley & Kelly 2007) . The REE patterns of zircon formed concurrently with garnet will be relatively depleted in HREE as a result of the preference of the HREE for garnet over zircon (Rubatto 2002; Whitehouse & Platt 2003; Kelly & Harley 2005) , and competition with monazite may lead to depletion in the LREE (Bea & Montero 1999) . Metamorphic zircon that grew in equilibrium with garnet typically displays a flat to depleted HREE pattern. Sub-solidus metamorphic zircon grown in the absence of a competing phase such as garnet will exhibit an enriched HREE pattern.
Zircon from sample 04-7-1 from the Socorro-Guaxupé Nappe typically has steep positively sloping normalized REE patterns (Fig. 8a) , with most Yb N /Gd N ratios between 14.4 and 34.1. Small negative Eu anomalies are present (Eu/Eu* ¼ 0.46-0.86), Th/U ratios range from 0.41 to 4.47 and Y concentrations range from 98 to 1030 ppm. One analysis yields a less steep positively sloping normalized REE pattern (Yb/Gd ¼ 8.1). Garnet from this sample has upwardly convex normalized REE patterns with negatively sloping normalized HREE patterns (Yb N /Gd N ¼ 0.16-0.62; Fig. 8b ) and Y concentrations between 30 and 80 ppm. D REE(Zrn=Grt) values increase from c. 0.2 for the middle REE (MREE) to c. 50 for the HREE (Fig. 9) .
Zircon from sample 05-06-3 from the Socorro-Guaxupé Nappe has steep positively sloping normalized REE patterns, with Yb N /Gd N ratios between 21.0 and 32.2, negative Eu anomalies (Eu/Eu* ¼ 0.58-0.65) and Y concentrations between 223 and 669 ppm. There is no garnet in this sample, and the REE data for zircon are not shown in Figure 8 .
Zircon from sample 04-6-11, from near the structural middle of the Três Pontas-Varginha Nappe, is contained in leucosome and occurs in close association with ilmenite. These zircons have moderate positively sloping normalized REE patterns (Yb N / Gd N ¼ 3.7-14.8; Fig. 8a ) with small Eu anomalies (Eu/ Eu* ¼ 0.75-1.13), Th/U ratios between 0.06 and 0.21 and Y concentrations between 171 and 376 ppm. Garnet in this sample is 5-10 mm in diameter and is located in leucosome; it has upwardly convex normalized REE patterns with generally flat HREE patterns (Yb N /Gd N ¼ 3.08-4.65; Fig. 8b ) and Y concentrations between 67 and 341 ppm. Zircon and garnet rim compositions yield D REE(Zrn=Grt) values close to unity (Fig. 9) .
Zircon from sample 05b-6-31b from near the structural top of the Três Pontas-Varginha Nappe occurs in close association with ilmenite. Only three zircons were large enough to allow for REE analysis in addition to U-Pb analysis. The normalized REE patterns (Fig. 8a (Fig. 9) . 
Titanium-in-zircon thermometry
Titanium was measured in zircon for one sample from the Socorro-Guaxupé Nappe (04-7-1), and three samples from the Três Pontas-Varginha Nappe (05b-6-31b, 04-6-11 and 04-6-21). The assemblage zircon-rutile-quartz buffers the titanium partitioning in sample 05b-6-31b. Samples 04-6-11, 04-6-21 and 04-7-1 contain quartz and ilmenite, but not rutile, which leaves the a TiO2 unconstrained. Although Watson et al. (2006) have argued that a TiO2 is likely to be high, possibly close to unity, this is an upper limit and the a TiO2 could be much lower (E. J. Essene, pers. comm.). Temperatures were calculated using the Ferry & Watson (2007) Ti-in-zircon thermometer calibration for zircon crystallized at 1 GPa. We did not incorporate a pressure correction into the temperature calculation; however, if the pressure correction of Ferriss et al. (2008) is used, the temperatures presented here could be c. 50 8C higher for a pressure of 1.5 GPa.
Temperature measurements for each zircon population are plotted as box and whisker plots, where the box represents the middle 50% of the data, the line through the box represents the median of the data, the whiskers extend to 95% of the data and dots represent outliers. This method provides a first-pass way of analysing the distribution of the data. A non-normal distribution of data has implications for the crystallization history of zircon. The sample mean and standard deviation of a skewed dataset would be shifted away from the peak of the distribution, yielding a geologically insignificant temperature. Here we report the interquartile range, which represents the middle 50% of the data between the 25th and 75th percentiles.
Socorro-Guaxupé Nappe
In sample 04-7-1 (Fig. 10) , zircon cores record temperatures ranging from 947 to 808 8C, with an interquartile range of 925-823 8C. Zircon rims record temperatures ranging from 1023 to 777 8C, with an interquartile range of 972-817 8C. Although these two populations show a broad distribution with the middle 50% of data occurring over a temperature range of c. 100 8C to c. 150 8C, in both cases the data are strongly skewed to the lower end of this range.
Três Pontas-Varginha Nappe
Zircon cores from sample 05b-6-31b (Fig. 10 ) record temperatures ranging from 1059 to 758 8C, with an interquartile range of 807-797 8C. Zircon rims record temperatures of 1048 to 777 8C, with an interquartile range of 859-786 8C. In both cases, the middle 50% of the data occur over a narrow range, and these data are strongly skewed to the lower end of the temperature scale, with the bottom 75% of the data occurring over a range of c. 50 8C for cores and c. 80 8C for rims.
Zircon cores from sample 04-6-11 (Fig. 10 ) record temperatures ranging from 856 to 773 8C, with an interquartile range of 821-789 8C. These data are close to normally distributed. Zircon rims record temperatures ranging from 1003 to 763 8C, with an interquartile range of 843-785 8C. These data are skewed towards the lower end of the temperature scale, with the bottom 75% of the data occurring over a range of c. 80 8C. Fig. 9 . HREE distribution coefficients between zircon and garnet. Zircon and garnet exhibit D REE(Zrn=Grt) values consistent with zircon growth in equilibrium with garnet in sample 04-7-1, and for a zircon in the garnet mantle in sample 05b-6-31b. D REE(Zrn=Grt) values for zircon in sample 04-6-11 are inconsistent with growth of zircon in equilibrium with garnet. Fig. 10 . Ti-in-zircon temperatures for zircon from samples 04-7-1 (7-1), 05b-6-31b (31b) and 04-6-11 (11) presented as box-and-whisker plots. In box-and-whisker plot, the middle 50% of the data are represented by the box, with the mean of the dataset marked as a horizontal line; the whiskers extend to 95% of the data; the circles represent outliers.
U-Pb zircon chronology
Zircons from two samples from the Socorro-Guaxupé Nappe (04-7-1 and 05-06-3), one sample of the retrograded eclogite (05b-13-13) and three samples from the Três Pontas-Varginha Nappe (05b-6-31b, 04-6-11 and 05b-6-110/108) were dated in situ by HR-SIMS to preserve the petrographic context. The zircons for dating were chosen only after examination of petrographic context via BSE and CL imaging. Preference was given to inclusion-and crack-free zircons with CL zones large enough to contain a SIMS spot. In all samples except 05b-6-108/ 110, zircon was chosen that is either adjacent to ilmenite grains or within close (,1 mm) proximity to ilmenite grains. In addition, a zircon separate was prepared from one sample (04-6-11) and zircon was dated by LA-ICP-MS as a check on the ages determined in situ by HR-SIMS.
A combined total of 49 analyses were obtained from the six samples by HR-SIMS, and a further 14 analyses were obtained from one of these samples by LA-ICP-MS. Dates were calculated from 206 Pb/ 238 U, 207 Pb/ 235 U and 207 Pb/ 206 U isotopic data using Isoplot (Ludwig 1994) . Data were reduced to consider only analyses that were less than 10% discordant. Ages were calculated by regressing single populations of dates using Isoplot, and uncertainties are presented as 95% confidence on the mean. The 206 Pb/ 238 U ages are presented here to avoid problems associated with measuring small amounts of 207 Pb in relatively young (Neoproterozoic) zircons (Table 2) .
The reduced dataset for sample 04-7-1 from the SocorroGuaxupé Nappe yields seven 206 Pb/ 238 U zircon dates ranging from 666 AE 45 Ma to 590 AE 47 Ma (Fig. 11) , leading to an age of 622 AE 28 Ma (MSWD ¼ 1.4, pfit ¼ 0.22). The second sample from the Socorro-Guaxupé Nappe, 05-06-3, yields two 206 Pb/ 238 U dates of 799 AE 59 and 799 AE 39 Ma; an age is not reported for this sample because of the limited data.
Zircons from sample 05b-13-13, the retrograded eclogite, yield four 206 Pb/ 238 U zircon dates ranging from 682 AE 96 Ma to 674 AE 56 Ma (Fig. 11) , leading to an age of 678 AE 29 Ma (MSWD ¼ 0.02, pfit ¼ 0.996). The large uncertainties on these dates are due to the small (<20 ìm) grain size of these zircons, requiring a smaller sampling volume. Fig. 11 . U-Pb concordia diagrams for zircon from samples 04-7-1 (a), 05b-13-13 (b), 05b-6-31b (c) and 04-6-11 (d). Sample 04-7-1 yields an average age of 622 AE 28 Ma, sample 05b-13-13 yields an average age of 678 AE 29 Ma, sample 05b-6-31b yields an average age of 647 AE 11 Ma and sample 04-6-11 yields an average age of 648 AE 12 Ma.
Seven 206 Pb/ 238 U zircon dates from sample 05b-6-31b, from the top of the Três Pontas-Varginha Nappe, range from 663 AE 36 Ma to 636 AE 19 Ma (Fig. 11) 
Rb-Sr and Sm-Nd isochrons
A whole-rock powder and three mineral fractions (biotite, garnet and a white mineral fraction of quartz, feldspar and sillimanite AE kyanite) from two separates of sample 04-6-21 were prepared for Rb-Sr and Sm-Nd analysis. The first separate (04-6-21A) of this sample yields a Rb-Sr isochron with a age of 590.0 AE 3.7 Ma (MSWD ¼ 171) and an initial 87 Sr/ 86 Sr of 0.71394 AE 0.00061 (Fig. 12a) , and a Sm-Nd isochron with a age of 563 AE 140 Ma (MSWD ¼ 23) and an initial 143 Nd/ 144 Nd of 0.51166 AE 0.00012 (Fig. 12b) . The second separate (04-6-21) from this sample defines a Rb-Sr isochron with a age of 591 AE 13 Ma (MSWD ¼ 1444) and an initial 87 Sr/ 86 Sr of 0.7134 AE 0.0020 (Fig. 12c) , and a Sm-Nd isochron with a age of 643 AE 90 (MSWD ¼ 8.0) and an initial 143 Nd/ 144 Nd of 0.511637 AE 0.000076 (Fig. 12d ).
Discussion
The southern sector of the Southern Brasília Belt preserves remnants of a passive margin sedimentary sequence in the east, which becomes progressively metamorphosed in a subduction-tocollision orogen towards the west. The passive margin on the western side (present coordinates) of the São Francisco Craton was progressively subducted beneath a magmatic arc at a convergent plate margin, leading to the emplacement of an arcderived and several passive margin-derived nappes onto the craton during terminal collision.
Statistical evaluation of ages
Two-sample t-tests were performed to calculate the probability that ages are statistically identical. Table 3 lists the p values associated with each possible scenario. A p value ,0.05 indicates with 95% confidence that two ages are unique. The age of zircon growth in the retrograded eclogite (05-13-13, 678 AE 29 Ma) has a high statistical probability of being older than the age of zircon growth in the Três Pontas-Varginha Nappe 647 AE 11 Ma; 648 AE 12 Ma) , with p values of ,0.015, and older than the age of zircon growth in the Socorro-Guaxupé Nappe (04-7-1, 622 AE 28 Ma), with a p value of ,0.001. The zircon age for the retrograded eclogite is also statistically older, with a p value of c. 0.014, than the oldest Fig. 12 . Rb-Sr and Sm-Nd multi-mineralwhole-rock isochrons for two separates of sample 04-6-21. zircon age of 648.9 AE 0.3 Ma reported by Baldwin & Brown (2008) for the ultrahigh-temperature metamorphism in the Anápolis-Itauçu Complex in the northern sector of the Southern Brasília Belt. The age of zircon growth in the Socorro-Guaxupé Nappe has a high statistical probability of being younger than that in the Três Pontas-Varginha Nappe, with p values ,0.002, and that in the Anápolis-Itauçu Complex, with a p value ,0.001. The age of zircon growth in the Três Pontas-Varginha Nappe is statistically indistinguishable from the age of zircon growth in the Anápolis-Itauçu Complex. Finally, the age of 648 AE 12 Ma determined by HR-SIMS for sample 04-6-11 is statistically indistinguishable from the age of 648 AE 8 Ma determined by LA-ICP-MS. A Monte Carlo simulation was run as an additional test of uniqueness for these ages. Each age was simulated 10 000 times in Microsoft Excel using a normal random number generator. The probability of overlap of two ages was determined by calculating the intersection of the probability that one age falls within the 95% confidence interval of the second age with the probability that the second age falls within the 95% confidence interval of the first age.
The Monte Carlo simulation indicates a c. 0.1% probability that zircon growth in the retrograded eclogite and the SocorroGuaxupé Nappe are the same age, a c. 0.6% probability that zircon growth in the retrograded eclogite and the Anápolis-Itauçu Complex are the same age, a ,5% probability that zircon growth in the retrograded eclogite and the Três Pontas-Varginha Nappe are the same age, a c. 10% probability that zircon growth in the Socorro-Guaxupé Nappe and the Três Pontas-Varginha Nappe are the same age, and a c. 3% probability that zircon growth in the Socorro-Guaxupé Nappe and the Anápolis -Itauçu Complex are the same age. The Monte Carlo simulation indicates that the ages of zircon growth in the Três PontasVarginha Nappe and the Anápolis-Itauçu Complex are statistically indistinguishable.
Socorro-Guaxupé Nappe
The magmatic arc is partly represented by the Socorro-Guaxupé Nappe at the top of the nappe stack. The timing of arc magmatism is unknown, but two single dates from sample 05-06-3 of c. 799 Ma suggest that the arc may have been active at this time. Consistent with the concentric zoning seen in CL imaging (Fig. 3a) , zircon inclusions in plagioclase in the leucosome of sample 04-7-1 are interpreted to have formed during crystallization of anatectic melt at granulite-facies conditions. REE patterns for these zircons show enrichment in the HREE consistent with formation in the presence of a HREE-rich melt, and a negative Eu anomaly, suggesting crystallization in equilibrium with plagioclase. Distribution coefficients for the REE between garnet and zircon indicate enrichment in the HREE in zircon by an order of magnitude more than would be observed for zircon in equilibrium with garnet, with D Lu(Zrn=Grt) approaching 100 (see Rubatto & Hermann 2007) . These data suggest that zircon crystallized in equilibrium with plagioclase in a HREEenriched melt, but not with garnet sequestered in the residual granulite.
The interquartile ranges of Ti-in-zircon temperatures for zircon from sample 04-7-1 of 925-823 8C (cores) and 972-817 8C (rims) indicate that crystallization occurred over a broad interval of c. 150 8C. However, the distribution is strongly skewed towards the lower part of the temperature range in both cases. These data are consistent with crystallization beginning near the peak of high-pressure granulite-facies metamorphism at P of 1.5 AE 0.2 GPa and T .900 8C, as retrieved using average thermobarometry from rocks close to the base of this nappe, and continuing during cooling to the solidus. Thus, we interpret the 206 Pb/ 238 U zircon age of 622 AE 28 Ma in this nappe to record the timing of immediately post-peak-temperature growth of zircon during crystallization of residual anatectic melt as it cooled to the solidus for the leucosome.
Retrograded eclogite
The very small size (,20 ìm) of the six grains in the thin section of retrograded eclogite sample 05-13-13 resulted in all zircon being exhausted during ablation for SIMS U-Pb analysis. Therefore, no REE or titanium elemental compositions were collected for zircon in this sample. The zircons are included in garnet or in symplectic aggregates of plagioclase and clinopyroxene that are inferred to replace a more jadeitic pyroxene. Our preferred interpretation is that the zircon grew as zirconium was liberated during the breakdown of igneous pyroxene on the prograde P-T path. Thus, we interpret the zircon 206 Pb/ 238 U age of 678 AE 29 Ma from this sample to record the timing of closeto-peak P conditions of c. 1.7 GPa for the eclogite-facies metamorphism. However, we cannot rule out the possibility that the zircons were inherited from the basaltic protolith and that the age we report dates crystallization during formation of the oceanic crust.
As the Três Pontas-Varginha/Liberdade Nappe became detached from the distal part of the subducting passive margin and accreted to the hanging wall of the subduction zone we postulate that slivers of eclogite (formerly ocean floor basalt) were detached from the underlying ocean lithosphere basement with the metasedimentary rocks. These slivers were preserved as blocks along the tectonic contact with the next package of metasedimentary rocks that underthrust the accreted Três Pontas-Varginha/Liberdade Nappe. This second package of underthrust metasedimentary rocks subsequently became detached from the subducting passive margin and accreted to the hanging wall of the subduction system to form the Carmo da Cachoeira/ Andrelândia Nappe (Fig. 13) . Thus, the age of 678 AE 29 Ma also provides a minimum age for the initial detachment of the Três Pontas-Varginha/Liberdade Nappe from the subducting passive margin.
Três Pontas-Varginha Nappe
The Três Pontas-Varginha Nappe lies immediately beneath the Socorro-Guaxupé Nappe. This high-pressure granulite-facies Fig. 13 . Schematic tectonic sketch of nappe stacking by detachment from the downgoing plate and accretion to the hanging wall of the subduction system. nappe is the uppermost of the metasedimentary nappes formed by subduction of passive margin sediments during the Brasília Orogeny, and it records the highest pressures of metamorphism among the passive margin-derived nappes. High-pressure granulite-facies rocks from this nappe achieved peak pressure of c. 1.5 GPa and temperatures of .850-900 8C.
Sample 05-6-31b is from near the structural top of this nappe. Zircon occurs in the outer mantles of garnet and in the matrix. It is closely associated with ilmenite, either sharing grain boundaries or occurring as inclusions in ilmenite, suggesting formation from zirconium released by ilmenite during the retrograde P-T evolution. The Ti-in-zircon temperatures retrieved from zircons in this sample have interquartile ranges of 807-786 8C (cores) and 859-786 8C (rims), which are consistent with zircon formation during final crystallization of residual melt (Fig. 4d) .
Two of the REE patterns for these zircons show enrichment in the HREE, consistent with crystallization in the presence of a melt, and a slight negative Eu anomaly, consistent with crystallization in equilibrium with plagioclase. The third pattern has a flatter HREE pattern, is depleted in all REE except La compared with the other two zircons, and exhibits a more pronounced negative Eu anomaly.
Garnet in this sample is zoned with respect to major elements, with cores enriched in Fe and depleted in Ca as compared with the mantles and rims, and REE, with the cores enriched in HREE compared with the mantles and rims. The REE composition of the outer mantle of garnet is used in the calculation of D REE(Zrn=Grt) values for this sample because a majority of the zircon in garnet occurs as inclusions in ilmenite in the outer mantles of garnet. For the two zircons with HREE-enriched REE patterns, D REE(Zrn=Grt) values are near unity for the MREE, whereas the HREE are partitioned preferentially into the zircon. One of these patterns is for zircon in ilmenite included in garnet, and the D REE(Zrn=Grt) increasing from 1 to .10 is consistent with zircon growth in equilibrium with the outer mantle composition of garnet, but not with the core or rim compositions of garnet, whereas the second pattern, which is from a matrix zircon associated with ilmenite, is inferred not to have equilibrated fully with garnet.
These REE features suggest that zircon forming from ilmenite included in garnet was able to maintain equilibrium with the surrounding garnet and probably residual melt along grain boundaries in the matrix. Thus, we interpret the zircon 206 Pb/ 238 U age of 647 AE 11 Ma to date the growth of zircon at c. 800 8C during final crystallization of residual melt along the high-temperature part of the retrograde P-T evolution.
Sample 04-6-11 is close to the structural middle of the Três Pontas-Varginha Nappe. Zircons from this sample are associated with ilmenite in the matrix of garnet-bearing leucosomes. For these zircons, the interquartile ranges for Ti-in-zircon temperatures are 821-789 8C (cores) and 843-785 8C (rims), consistent with formation close to the solidus.
REE patterns for zircons from sample 04-6-11 show enrichment in the MREE and HREE, with small Eu anomalies, indicating crystallization in the presence of a melt but not synchronous with crystallization of plagioclase. Garnet REE patterns were measured from core to rim, and show enrichment in MREE and HREE, but do not show significant zoning. The D REE(Zrn=Grt) values are near unity for both the MREE and the HREE, suggesting that zircon did not form in equilibrium with garnet, but probably following growth of garnet and depletion of the REE reservoir.
The zircon 206 Pb/ 238 U age of 648 AE 12 Ma from sample 04-6-11 is interpreted to date the formation of zircon from ilmenite at a temperature around 800 8C during final crystallization of residual melt in leucosome along the high-temperature part of the retrograde evolution. This interpretation is consistent with the temperature-time information retrieved from sample 05b-6-31b from the top of this nappe.
Sample 04-6-21 is from the base of the Três Pontas-Varginha Nappe. Zircons from this sample occur both in the matrix and as inclusions in garnet, and are not associated with a specific metamorphic reaction. All U-Pb ages for this sample were highly discordant, and no age could be interpreted. Two Rb-Sr Bt-Grt-Pl/Sil AE Ky/Qtz-WR (whole-rock) isochrons for this sample yield ages of 590.0 AE 3.7 Ma and 591 AE 13 Ma. Two Sm-Nd Bt-Grt-Pl/Sil AE Ky/Qtz-WR isochrons for sample 04-6-21 yield ages of 563 AE 140 Ma and 643 AE 90 Ma. The large uncertainties make it difficult to assign any geological significance to these ages.
Apparent Sr isotopic equilibrium among the main phases in each separate of sample 04-6-21 (Fig. 12, r 2 values) suggests that the assemblage remained closed for inter-mineral isotope exchange and that multi-mineral-whole-rock isochron ages most probably date formation of the retrograde sillimanite-bearing penetrative fabric in this sample (see Glodny et al. 2002 Glodny et al. , 2008 , which is from close to the bottom of the Três Pontas-Varginha Nappe. There is no evidence for retrogression of this sample at temperatures below the stability of quartz-garnet-K-feldsparbiotite-sillimanite-ilmenite-rutile-plagioclase (Fig. 5c ), consistent with the absence of any significant amount of grain boundary aqueous fluid, and we assume that metastable kyanite does not affect the isochron result. The presence of coarse prismatic sillimanite in the assemblage indicates decompression to the sillimanite stability field (Fig. 5c ), although temperature is only poorly constrained by the isochemical phase diagram. Titaniumin-quartz thermometry yields a temperature of c. 750 8C, which we infer corresponds to the age of c. 590 Ma obtained from the Rb/Sr isochrons. Thus, we interpret this age to date the formation of the penetrative fabric associated with exhumation.
The large uncertainty associated with the Sm-Nd model ages may suggest isotopic disequilibrium among the fractions analysed. Therefore, we interpret the Sm-Nd model ages as most probably geologically meaningless.
As there are no major faults, folds or other structural features mapped between sample 04-6-21 and samples 05b-6-31b and 04-6-11, it is likely that these samples experienced similar P-T-t paths (Figs 6 and 7) . Given that the Três Pontas-Varginha Nappe was at temperatures of c. 800 8C at c. 650 Ma, and c. 750 8C at c. 590 Ma, an average cooling rate of c. 1 8C Ma À1 is implied prior to exhumation of the nappe to mid-crustal depths at pressures around 0.7-0.6 GPa (Fig 7a and b) . This low rate of cooling is consistent with evidence from other granulite terranes (e.g. Ashwal et al. 1999) .
Conclusions
In this paper we report the results of the first integrated petrological, microstructural, chemical and chronological study of multiple samples from the uppermost high-pressure granulitefacies nappes in the southern sector of the Southern Brasília Belt.
Zircons in a retrograded eclogite, one of a number of blocks that occur along the tectonic contact between the upper two passive margin-derived high-pressure granulite-facies nappes, are interpreted to have grown as zirconium was liberated during the breakdown of igneous pyroxene on the prograde P-T path. These zircons yield an age of 678 AE 29 Ma, which is interpreted to date close-to-peak P-T conditions. This age also provides a minimum for the time of detachment of the overlying nappe from the subducting passive margin and for the beginning of the Brasília Orogeny in the Southern Brasília Belt.
We obtained ages of 648 AE 12 and 647 AE 11 Ma for hightemperature, post-peak P-T zircon growth in high-pressure granulites in the Três Pontas-Varginha Nappe, the uppermost of the passive margin-derived nappes. These ages overlap ages retrieved by Baldwin & Brown (2008) from ultrahigh-temperature metamorphic rocks in the Anápolis-Itauçu Complex further north in the Southern Brasília Belt, and ages retrieved from amphibolite-to granulite-facies rocks of the Uruaçu Complex adjacent to the eastern limit of the Mara Rosa Arc at the southern end of the Northern Brasília Belt. We determined a zircon crystallization age of 622 AE 28 Ma from leucosome in granulite close to the base of the overlying Socorro-Guaxupé Nappe, which represents part of the upper plate magmatic arc.
We interpret Rb-Sr biotite-whole-rock isochron ages of c. 590 Ma from the Três Pontas-Varginha Nappe to record formaton of a retrograde sillimanite-bearing penetrative fabric at a temperature of c. 750 8C. Using this age in combination with the U-Pb ages of c. 650 Ma, inferred to date close-to-solidus temperatures of c. 800 8C, yields an average cooling rate of c. 1 8C Ma À1 prior to exhumation of the Três Pontas-Varginha Nappe to mid-crustal depths.
Based on these new age constraints, we proposed that the early stage of amalgamation of West Gondwana began in the Cryogenian with suturing of the Socorro-Guaxupé Arc-Paranapanema Block to the São Francisco Craton. Our results demonstrate for the first time that high-pressure metamorphism may have occurred much earlier than the 630 Ma age previously inferred for the peak of metamorphism in the southern sector of the Southern Brasília Belt. In particular, the age retrieved from a retrograded eclogite suggests that the earliest impingement and beginning of the suturing process may have occurred as early as c. 680 Ma in the southern sector of the Southern Brasília Belt.
